Introduction: Rheumatoid arthritis (RA) is characterized by local and systemic bone loss caused by increased bone resorption. We describe the current utilization of high-resolution peripheral quantitative computed tomography (HR-pQCT) in the evaluation of bone and joint in RA.
Introduction
Rheumatoid arthritis (RA) is characterized by an inflammatory process that targets both the joints and the bone. RA is considered as an independent risk factor in the aetiology of secondary osteoporosis which is reflected by its inclusion into the fracture risk assessment tool (FRAX   ®   ) . 1 The overall prevalence of osteoporosis in RA is in the order of 20-30% at the spine and 7-26% at the hip. 2 Currently, dual-energy X-ray absorptiometry (DXA) is used clinically to monitor areal bone mineral density (aBMD) in RA. 3 However, standard DXA does not provide information on bone microarchitecture. The development of high-resolution peripheral quantitative computed tomography (HR-pQCT) has enabled us to investigate bone in greater detail. 4 Specifically, this evolving technique offers new possibilities to explore bone geometry, density and microstructure in patients with RA.
Here we describe the current utilization of HR-pQCT in the evaluation of bone and joint in patients with RA using a systematic review of the literature.
RA and fracture
Patients with RA are at increased risk of suffering osteoporotic fractures. [5] [6] [7] A large, population-based cohort study was performed by Van Staa and colleagues 5 to assess the risk of fracture in patients with RA using the British General Practice Research Database (GPRD). There were 30 262 patients with RA (≥40 years), of whom 2460 experienced a fracture during follow-up (median of 7.6 years). Patients with RA, compared with controls, had an increased risk of fracture (adjusted relative risk (RR) for clinical osteoporotic fractures 1.5, 95% confidence interval [95% CI] 1.4-1.6) most marked at the hip (RR 2.0, 95% CI 1.8-2.3) and spine (RR 2.4, 95% CI 2.0-2.8). Moreover, patients with long-standing RA (>10 years' duration), with a low body mass index (BMI) and those who used oral glucocorticoids (GCs) had a higher risk of hip fracture. 5 In a Southampton case-control study, the risk of hip fracture in patients with RA and those taking GCs was investigated. Three hundred consecutive patients with RA (>50 years) were compared with 600 controls. The effects of RA and GCs were found to be largely independent of one another, and interestingly, patients with RA who were not receiving GCs doubled their risk of suffering a hip fracture even if this risk was most closely associated with functional impairment. 6 Another large, population-based cohort study has confirmed these results. 7 During a median 1.63-year follow-up, 872 (1.9%) of 47 034 RA patients experienced a fracture. After adjustment for confounders, an increase in the risk of fracture was found (HR 1.26, 95% CI 1.15-1.38) and was most marked at the hip (HR 1.44, 95% CI 1.24-1.67). Moreover, prior use of GCs also increased risk of osteoporotic fracture (HR 1.36, 95% CI 0.86-2.14). 7 Furthermore, RA patients also have a higher prevalence of asymptomatic vertebral fractures and incidence of vertebral fracture. 8, 9 Clearly, this highlights the importance of specific assessment of these events, for example with vertebral fracture assessment at the time of DXA. Individuals with RA are evidently at greater risk of fracture, particularly of the hip. There are several factors shown to augment the likelihood, including longer disease duration and use of GCs. Part of the increased risk would be expected to occur through an increased rate of falling, although there is also a direct effect on bone health.
RA and bone strength
Bone strength is determined by bone density and bone quality (bone remodelling, microarchitectural organization of the bone, collagen composition and degree of mineralization of bone matrix).
Bone mineral density by DXA
Several studies have shown a lower bone mineral density (BMD) in patients with RA compared with controls. The overall prevalence of osteoporosis in RA is in the order of 20-30% at the spine and 7-26% at the hip. 2 In a cohort of 148 patients with early RA (compared with 730 normal controls), BMD was assessed by DXA before treatment with GCs or disease-modifying anti-rheumatic drugs (DMARDs). [0.5] g/cm 2 , P < 0.001 in the trochanter). Importantly, only disease activity was significantly associated with lumbar BMD decrease, and suppression of disease activity stabilized this bone loss. 10 Indeed, DMARDs, as methotrexate and biotherapies (as anti-TNFα), have proved to be able to control inflammation and to arrest BMD loss over time.
Bone remodelling and biochemical markers
Bone remodelling markers and serum cytokines are surrogates to evaluate bone formation, resorption and further risk of BMD loss, although their interpretation is related to the concomitant use of GCs, DMARDS and biotherapies. High baseline levels of bone resorption markers predict both an increased risk of radiologic progression and BMD loss in patients with RA, suggesting that bone loss and erosions are two sides of a similar phenomenon driven by generalized inflammation. 2 Indeed, RA therapies, such as biotherapies, are able to arrest bone erosions and bone loss, and these effects have been demonstrated by variations in bone remodelling markers during the course of treatment. In patients receiving an anti-TNFα, serum CTX and RANK-L decrease dramatically, in parallel with a decrease in disease activity score and a benefit on BMD change.
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Bone quality
Bone remodelling is mainly carried out by osteoblasts (bone formation) and osteoclasts (bone resorption). Osteoblasts are responsible for the production of type I collagen (organic matrix) and constituents of mineral matrix. The main determinants in the mechanical properties of bone are the amount of mineral in the tissue, the collagen content, the orientation of the collagen fibres and minerals and the accumulation of microcracks in the bone matrix. Therefore, in RA, there are fundamental changes in the remodelling process of bone that potentially lead to bone structural and mechanical property alterations. It has recently been demonstrated in an animal model of arthritis (SKG and BALB/c mice) that there is a reduction in bone density and a change in the pattern of the collagen organization. 12 In this model, mechanical testing has shown that arthritic femurs have impairment of bone mechanical properties (namely stiffness, ductility and strength). Furthermore, the loss of the mechanical properties in bone was associated with an imbalance in biochemical bone markers and collagen arrangement disturbances, indicating that the organization of the collagen component of bone is affected by the inflammatory process. 12 A histomorphometric study has been realized in 66 patients with RA. 13 There were significant decreases in bone volume, mean wall thickness, mineral apposition rate, number of osteoclasts, osteoclast surface area and increases in resorption surfaces. 13 
Need for further imaging
Although aBMD by DXA can be used for fracture risk assessment in patients with RA, it may underestimate the true fracture probability. Furthermore, the Fracture Risk Assessment Tool (FRAX ® ) may also show similar deficiencies. 14 Consequently, better fracture prediction is required and may occur through more detailed structural imaging. This is one of the major reasons why investigators have recently undertaken research using HR-pQCT.
Methods of assessing bone microarchitecture by HR-pQCT
HR-pQCT is a non-invasive, low-radiation method for assessing bone microarchitecture and volumetric bone mineral density (vBMD) in cortical and trabecular compartments of the distal radius (DR) and tibia. 4 The technique was introduced in the mid2000s and, currently, only one commercial HR-pQCT machine, the XtremeCT (SCANCO Medical AG, Brüttisellen, Switzerland), is available ( Fig. 1) . Its application has enhanced understanding of agerelated changes and sex differences in bone microarchitecture. Regarding fracture risk assessment, there is evidence that HR-pQCT is generally superior to DXA for discriminating men and women with and without fractures, especially at the sites of measure. Moreover, data from recent studies have provided interesting insights into the effect of new and existing osteoporosis medications on bone structure and strength assessed by HR-pQCT. It also provides information about the pathogenesis of osteoporosis related to menopause or various diseases. 4, 15 Standard scanning regions: for tibial HR-pQCT, a single dorsal-palmar projection image of the distal tibia is acquired as a scout view, and the reference line is set along the plateau found approximately half way along the tibial endplate. The scan is usually commenced 22.5 mm proximal to this point. For radial HR-pQCT, the scout view is reviewed and the reference line is set along the plateau located approximately one third to halfway along the radial endplate. Imaging is commenced 9.5 mm proximal to this point ( Fig. 2A and B) .
When assessments are made of the DR and tibia, several variables are created including total, cortical and trabecular area (To.area, Ct.area and Tb.area, respectively), and cortical thickness (Ct.Th). 4 Density is calculated in the bone as a whole; the cortical and trabecular regions (Ct.vBMD and Tb.vBMD); and the inner 60% and outer 40% of the trabecular region separately. The ratio of outer trabecular density to inner trabecular density is then calculated. The proportion of Tb.area that constitutes bone tissue is also determined (bone volume/tissue volume, BV/TV). Trabecular microarchitecture is assessed in terms of trabecular thickness (Tb.Th), number (Tb.N) and separation (Tb.Sp), although only Tb.N is measured directly. More recently, a technique was developed by Burghardt et al. 16 to more accurately delineate the cortical region. Using this technique, a more extensive assessment of the cortex can be made, including parameters such as cortical porosity (Ct.Po).
Results of HR-pQCT methodology in RA
More recently, HR-pQCT has been used for the assessment of bone damage in patients with chronic inflammatory rheumatic diseases such as RA. Indeed, RA is characterized by local and systemic bone loss caused by increased bone resorption. 17 Many factors, such as excessive production of pro-inflammatory cytokines, result in both periarticular and generalized bone loss. 18 The utilization of HR-pQCT has enhanced our understanding of RA-related changes in bone geometry and bone microarchitecture. Moreover, it allows the detection of inflammation-related periarticular bone erosions at the hand 19 which is of particular importance as these lesions are a key feature of RA, reflect irreversible damage to the affected joints and closely relate to functional impairment 19 ( Fig. 1) .
Comparison of vBMD and microarchitecture in RA patients and controls at the metacarpal head
The first study evaluating the ability of HR-pQCT to assess vBMD and microarchitecture in patients with RA was published by Fouque-Aubert et al. 20 in 2010. The microarchitecture impairment was evaluated in patients with RA (two subgroups: early RA with disease duration of ≤2 years, n = 36; late RA with disease duration of >3years, n = 57) in comparison with healthy controls at metacarpal heads (MCHs) 2 and 3. Firstly, the whole RA group was compared with the healthy controls: patients with RA had significantly lower Tb.vBMD and Tb.Th at both MCHs (P < 0.05 for all) with or without adjustment for age. Secondly, comparison of the patients with early RA, patients with late RA and healthy controls were realized: a significant difference between controls, patients with early RA and patients with late RA was found for Tb.vBMD and Ct.vBMD at MCH2 and for Tb.Th at both MCHs. Trabecular thickness was reduced at MCH2 and MCH3 in patients with late RA (P < 0.05) and at MCH3 in patients with early RA (P < 0.05) compared with healthy controls. For these parameters, patients with early and late RA did not differ significantly. Thirdly, Tb.vBMD and Tb.Th were negatively correlated with the disease activity characterized by disease activity score on 28 joints (DAS28), erythrocyte sedimentation rate (ESR) and C-reactive protein.
There were no significant associations between HRpQCT parameters and age, disease duration, sharp score, anti-citrullinated peptide antibody (ACPA) status and various treatments, such as diseasemodifying anti-rheumatic drugs (DMARDs) and tumour necrosis factor alpha inhibitors (TNFi). In a more recent study, vBMD and microarchitecture at MCH2 were compared with that at the DR in patients with RA in a cross-sectional study of 100 female patients (53.4 ± 9.3 years). 21 There were significant correlations in vBMD and microarchitectural parameters between the two sites (r = 0.201-0.628, P < 0.05 for all). Interestingly, a new protocol was recently developed in 12 non-RA patients to evaluate vBMD and microarchitecture at MCHs 2 and 3, metacarpal shafts (MCSs) 2 and 3, and the ultra-ultra-distal radius, three sites commonly affected in RA. 22 This protocol extends the potential for in vivo HR-pQCT imaging in the assessment of patients with RA. However, further evaluation of precision and feasibility for this modality is required.
Comparison of vBMD and microarchitecture in RA patients and controls at the distal radius
Several studies have used HR-pQCT to evaluate vBMD and microarchitecture at the DR in patients with RA (male and female) and compared this with healthy controls [23] [24] [25] (Table 1) . Both trabecular and cortical bone were severely affected in male and female patients with RA (Table 2 ). Average Ct. vBMD (ranging from −3.5 to −11.7%) and Tb. vBMD (ranging from −6.9 to −24.0%) values were significantly lower in RA patients than controls (P < 0.05 for all). [23] [24] [25] At the DR, most of the trabecular microstructural indices, such as BV/TV, Tb. N and Tb.Th, were lower in male and female RA patients, compared with healthy sex-matched controls (Table 2 ). In studies by Zhu et al., 23, 24 Ct.Th was similar in patients and controls, whereas Ct.Po was significantly higher in patients. Conversely, Ct. Th was lower in male and female RA patients in study by Kocijan et al. 25 with a difference in Ct.Po shown only in men ( Table 2 ).
Factors influencing HR-pQCT parameters at the DR in patients with RA
Demographics and disease activity/severity In addition to demographics, factors independently associated with vBMD and microarchitectural parameters at the DR in patients with RA were mostly related to disease activity/severity. In the study by Kocijan et al.
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, bone geometric parameters including cortical perimeter (Ct.Pm, mm), cortical area (Ct.Area, mm 2 ) and trabecular area (Trab.Area, mm 2 ) were evaluated using the standard analysis protocol. Cortical perimeter was defined as the outer boundary of the periosteal surface (mm). Cortical perimeter was independently influenced by age (β = 0.20, t = 2.91, P = 0.005), sex (β = −0.38, t = 3.98, P < 0.0001) and height (β = 0.40, t = 3.70, P = 0.0001). Cortical thickness was significantly related to age (β = −0.33, t = 3.00, P = 0.004). Trabecular number was inversely related to disease duration (β = −0.23, t = 2.27, P = 0.045), but not to the age, highlighting a GCs exposure and anti-rheumatic therapies Interestingly, in several studies, 21, [23] [24] [25] there were no significant differences in HR-pQCT parameters at the DR between RA patients who were and were not exposed to GCs including when use of oral GCs, cumulative dose and duration of oral GCs were assessed. However, other anti-rheumatic therapies may influence bone quality in RA. Specifically, biological agents such as TNFi were reported to arrest bone loss or even to increase areal BMD. 26, 27 However, a definite benefit on the prevention of was independently associated with a greater cortical perimeter (P = 0.018) and smaller Ct.Th (P = 0.026) at the DR. In contrast, a trend was found between the use of biological agents and lower cortical perimeter (P = 0.08). However, Zhu et al. 21 found that factors related to treatment, including use of DMARDs, number of current DMARDs and use of biologics, did not influence vBMD nor microarchitectural parameters at the DR. In summary, the net effect of GCs and antirheumatic therapies on vBMD and bone microarchitecture in RA patients remains to be determined.
Comparison of bone microarchitecture in RA and psoriatic arthritis Kocijan et al. 28 performed a detailed comparative analysis of vBMD and microarchitecture using HR-pQCT at the DR in 110 patients (60 RA, 50 psoriatic arthritis (PsA)). No significant differences were found between PsA and RA patients for trabecular and cortical vBMD and for all the parameters related to cortical and trabecular bone microstructure. Comparison between seropositive RA patients (RA+) and seronegative RA patients (RA−) revealed that (i) Tb.vBMD and BV/TV were significantly decreased in RA+ compared with their RA− counterparts, and (ii) no significant differences in Ct.vBMD, Ct.Th or Ct.Po were found among RA+ and RA−. These data suggest that, unlike cortical bone, Tb.vBMD and trabecular microarchitecture are more severely affected in RA+ patients. In summary, both trabecular and cortical bone are deficient in patients with RA compared with healthy controls at both periarticular and non-periarticular sites, but whether these deficits are indeed related to the fracture risk in RA has not been fully elucidated. Consequently, the usefulness of these indices in fracture prediction is currently uncertain.
Detection of structural bone lesions
The first pilot studies evaluated the use of HR-pQCT for the differentiation of inflammatory joint disease, such as RA and PsA, 29 and degenerative changes, 30 respectively. Metacarpal (MCP) joints of the second, third, and fourth digits (2-4) of the predominantly affected hand were evaluated for the presence and size of bone erosions, as well as osteophytes and cortical thinning.
In the first study completed by Stach et al., 30 56
RA patients and 30 healthy individuals underwent HR-pQCT of the proximal wrist and MCP joints.
Lesions were quantified and their exact localizations were recorded. Important findings were as follows: (i) HR-pQCT could detect bone erosions of <0.5 mm in width or depth. Although small erosions could be observed in healthy individuals as well as RA patients, lesions >1.9 mm in diameter were highly specific for RA (P = 0.008).
(ii) Bone erosions were mostly found along the radial sites of the MCHs 2 and 3. (iii) No significant difference in the presence of osteophytes between the two groups was found, but cortical thinning was more pronounced in RA patients. Thereafter, 58 RA patients and 30 PsA patients underwent HR-pQCT. 29 Patients with PsA and RA had the same number of bone erosions (6.3 ± 1.3 vs. 6.1 ± 0.9, respectively), but they were less severe and overall smaller in size and depth in PsA (diameter of >1.9 mm, P < 0.001). Erosions in PsA were mostly tubule shaped or had a narrow neck at the entrance to the anomaly, whereas U-shaped lesions, with a wider entrance, were more typical in RA. Erosions in PsA were more evenly distributed, lacking the strong preponderance for the radial sites found in RA. Osteophytes were increased in number (16 vs. 100%), extent and size in PsA compared with RA, often affecting the entire circumference of bone ('bony corona'). The key determinants of the periarticular bone anomalies in patients with RA were as follows: disease duration for bone erosions, 30,31 disease activity (DAS28 and C-reactive protein) for cortical thinning 30 and bone alkaline phosphatase 31 and age for osteophytosis. 30, 31 In an effort to standardize HR-pQCT for this utility, Srikhum et al. 32 and Töpfer et al. 33 developed new quantitative bone erosion measures, which were simpler and less time-consuming, than the usual methods, and thus were more amenable to clinical use. However, their sample sizes were small (16 and 18 patients with RA, respectively). At a similar time, a methodology to measure three dimensional (3D) joint space widths in the small joints of patients with RA was developed and this is awaiting evaluation in larger studies.
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Comparison of bone erosion assessment by HR-pQCT with other imaging techniques were found, all of which were very small lesions (volume, <10 mm³), and two results were felt to be false-positives (HR-pQCT negative, MRI positive). Previously, a detailed comparative analysis of the use of high-resolution US and HR-pQCT to assess bone erosions in patients with RA (n = 14) and PsA (n = 6), as well as healthy individuals (n = 6) was carried out. 39 Results were quite disappointing, because false-negative assessments (US negative, HRpQCT positive) were found in 9.9% of the joint regions investigated, whereas false-positive results (US positive, HR-pQCT negative) were found in 28.6%. HR-pQCT can depict many bone and joint abnormalities. Specifically, it can assess the size, number and shape of erosions; the presence of bone surface lesions and osteophytes; and the width of the joint space. Techniques used can be automated or semi-automated with customized scanning cast and seating positions as necessary. As part of this assessment, it can depict very small erosions and this is at variance with some lower resolution techniques. However, the relevance of these tiny abnormalities within the disease course or diagnosis is as yet unclear. In contrast, MRI has been extensively validated in the assessment of RA. It assesses not only bone lesions but also soft tissue lesions like bone marrow oedema which is highly correlated with occurrence of new erosions. In a study by Albrecht et al. 38 comparing MRI and HR-pQCT, the falsepositive rate of MRI was relatively low and all the false-negatives related to the especially small lesions with unknown clinical significance. There is therefore potential evident for the use of HR-pQCT but consensus regarding its superiority is lacking. Similarly, HR-pQCT may clearly be superior to US in terms of detecting erosions at the hand/wrist joints, but it is unable to examine larger, more proximal joints such as the elbow and knee. There are therefore benefits and limitations of each technique.
Impact of treatment in RA assessed by HR-pQCT . Furthermore, all bone erosions detected at baseline could be visualized at follow-up after 1 year. The mean depth of erosions significantly decreased after 1 year of treatment with TNFi (−0.10 ± 0.04 mm, P = 0.019), whereas their width remained unchanged. Interestingly, the reduction in the depth of lesions was confined to erosions showing evidence of sclerosis at the base of the lesion. In contrast, mean depth and width of erosive lesions increased in the MTX-treated group (+0.17 ± 0.06 mm, P = 0.005 and +2.16 ± 0.24 mm, P < 0.001, respectively). Another longitudinal study completed by Finzel et al. 42 included 20 RA patients treated with IL6-Ri, tocilizumab, in combination with MTX (mean dose of 12.9 mg/week). Results had shown that use of tocilizumab was also associated with repair of bone erosions in patients with RA. Interestingly, repair was based on reduction in the depth and width, although the former did not reach statistical significance. However, the repair of bone erosions was limited, as with TNFi, and did not lead to complete healing. Lastly, Finzel et al. 43 investigated whether MTX monotherapy (n = 13, mean dose of 16.6 mg/ week) or TNFi monotherapy (n = 28) affected osteophyte formation and bone erosions in patients with PsA. At 1-year follow-up, the size of the osteophytes had progressed in PsA patients treated with either MTX (+54.3%) or TNFi (+61.1%), whereas clinical disease activity decreased, and mean depth and width of erosive lesions did not progress in either group.
Conclusions
In this review, we report that HR-pQCT is a useful method for depicting bone erosions and other forms of cortical bone lesions, such as osteophytes and cortical thinning, in patients with RA. Furthermore, imaging of the DR and MCHs simultaneously allows assessment of trabecular and cortical bone parameters, which have both shown precise and reproducible associations with fracture. Future avenues of research should include using HR-pQCT evaluation of joint and bone changes in other systemic inflammatory arthritides, such as ankylosing spondylitis 44, 45 and systemic lupus erythematosus. [46] [47] [48] [49] It should be noted, however, that the technique remains predominantly a research tool that is under assessment for clinical utilization, with further investigation and appropriate training required before consideration of more routine clinical use. Studies are most needed to evaluate the relevance of (i) bone abnormalities (cortical and trabecular) in the occurrence of fractures and (ii) the small erosions described in the disease course or in the diagnosis of the RA.
